Background: Estrogen (E2) loss is associated with insulin resistance. Natural compounds such as resveratrol (RESV) have potential insulin sensitizing effects. Grape pomace powder (GP) also contains RESV and other antioxidants. However, the ability of realistic, attainable concentrations of RESV and GP to reverse glucose intolerance in E2 deficient rats has not yet been explored.
Conclusion:
In conclusion, delayed E2, RESV and GP treatment do not restore glucose tolerance in OVX rats. Low dose RESV and GP supplementation may not be effective alternatives to HRT to restore compromised glucose tolerance.
Keywords: ovariectomy, estrogen, resveratrol, grape pomace, glucose tolerance, insulin tolerance, delayed treatment BACKGROUND Premenopausal women are partially protected against insulin resistance and type 2 diabetes [1] . This protection is believed to be conferred by 17β-estradiol (E2) [2] . E2 hormone replacement therapy has shown promise in rescuing metabolic function in animals when administered shortly after ovariectomy [3, 4] . However, there appears to be a critical time window following the loss of E2 when hormonal replacement is effective, after which treatment becomes ineffective and potentially detrimental [5] [6] [7] . E2 supplementation is also controversial due to the potential/perceived risk of cardiac events and breast cancer [8] . Therefore, alternative treatments are needed. We recently demonstrated that endurance treadmill exercise, initiated 10 weeks post ovariectomy, effectively restored glucose tolerance in female rats, while delayed E2 treatment only showed a trend towards improvement [9] . However, not all individuals are willing or able to exercise. Resveratrol (RESV) and grape pomace (GP) powder are commercially available supplements believed to have numerous potential health benefits, in part due to their polyphenol and antioxidant content.
RESV is a polyphenolic compound found in red grape skins [10] . The effects of RESV on glucose tolerance in humans have been mixed, with some studies showing no effect [11] [12] [13] and others demonstrating improved insulin sensitivity [14, 15] . Rodent studies have depicted more clear benefits, including improved skeletal muscle glucose uptake [16] and hepatic insulin signaling [17] . Interestingly, any potential beneficial effect of RESV does not appear to be related to the dosage used. In obese humans, 10 mg/day has been reported to improve insulin response [14] but 500 mg/day has not [11] . In rats, dosages of 2.5 -10 mg/kg administered for 4-8 weeks, similar to that used in our current study, have been shown to improve insulin response [17, 18] . To our knowledge, the efficacy of realistically attainable RESV concentrations (i.e. readily achieved through commercially available supplements) in restoring glucose tolerance in an E2-deficient animal has not been explored.
GP is a byproduct of wine making and is composed of grape skins, seeds, and stems , in addition to containing RESV [10] . Grape pomace has been shown to be an antioxidant (Zhu et al. 2015) and also contains anthocyanin and quercetin, which have anti-inflammatory properties [19, 20] . GP, supplemented at 1g/kg body mass (similar to the dosage used in the current study) has been shown to protect fructose fed rats from insulin resistance [21] . To our knowledge the efficacy of GP in restoring glucose tolerance in OVX animals has not been explored.
The aim of the current study was to determine whether RESV and GP, in realistic amounts that could be achieved with supplementation (and also previously shown to be effective), would restore normal glucose tolerance in the ovariectomized rat. Given that RESV is commonly available in 500 mg capsules, a normalized dose of approximately 5 mg/kg was considered a realistic amount. Furthermore, given the apparent critical window of treating E2 loss, we were interested in examining their effectiveness as a delayed treatment, rather than administering at the onset of E2 loss.
METHODS

Materials and reagents
17β-Estradiol Molecular Assay Kit (Cat. #ab108667) was purchased from Abcam (Toronto, ON, Canada). Resveratrol was purchased from Cayan Chemical Company (Michigan, USA) and Bioflavia grape pomace powder was kindly supplied by Southbrook Vineyards (Ontario, Canada).
Animals
All procedures were approved by the Animal Care Committee at the University of Guelph and followed Canadian Council of Animal Care guidelines. Female Sprague Dawley rats were purchased from Charles River Laboratories at 2 months of age (body mass, 208 ± 1 g). Two days prior to arrival, all rats underwent either bilateral ovariectomy (OVX; n=40) or SHAM surgery (SHAM; n=10) by Charles River technicians. OVX surgeries were verified following terminal experiments by the assessment of plasma E2 content.
Two to three animals were grouped in cages of either SHAM or OVX for the first 12 weeks, in a temperature controlled room (25ºC) with a 12:12-h standard light-dark cycle and ad libitum access to food and water. All animals were fed a phytoestrogen-purified, soy protein-free diet (Harlan 2020X) which provided 60% of calories from carbohydrate, 24% from protein, and 16% from fat. Food intake and body mass were recorded weekly throughout the study.
Initial Glucose Tolerance Tests
At the end of the initial 12 weeks, the establishment of glucose intolerance in the OVX rats was confirmed by an intraperitoneal glucose tolerance test (IPGTT) after an 8 hour fast. A bolus of glucose (2.0g/kg body mass) was injected into the intraperitoneal cavity of the animal and blood glucose was measured from the tail vein at 0, 15, 30, 45, 60, 90, and 120 minutes using a handheld glucometer (FreeStyle Lite). The incremental area under the curve (AUC) for the duration for the glucose response was calculated.
Treatment Period
At the end of 12 weeks, at the point when glucose intolerance had been established, OVX animals were randomly assigned to one of a non-treatment (OVX-CON), or 3 treatment groups (OVX-E2, OVX-RESV, and OVX-GP). A non-OVX SHAM group was included for comparison. Ten animals were assigned to each group and it was confirmed that the average glucose AUC of each OVX group was statistically similar. The OVX-E2 group received a daily physiological dose of powdered E2 (28µg/kg body mass) mixed into a Nutella cream solution (5µL sesame oil/1g Nutella/kg body mass) as previously described [22] . The OVX-RESV group received a daily dose of powdered RESV (5mg/kg body mass) mixed into the Nutella cream solution. Finally, the OVX-GP group received powdered GP at 1.5g/100g of diet, similar to other studies [23, 24] . The composition of the powdered GP is shown in Table 1 , and provides approximately 0.02 mg/kg body mass / day of RESV.
Final GTT and Insulin Tolerance Test
After 6 weeks, animals were administered another IPGTT (2.0 g glucose/kg body mass). Blood glucose was measured at the same time points as the initial test. Two days later, an intraperitoneal insulin tolerance test was performed (0.5 U/kg body mass) approximately 3 hours after the removal of food. Blood glucose was measured at 15 minute intervals for 1 hour. Area above the curve was determined for each animal and used to assess insulin tolerance between groups. Supplemented into diet at 1.5% provides a dose of about 0.58 g/ kg/day.
Terminal Surgeries
Two to three days after the completion of the tolerance tests, terminal surgeries were performed. Visceral (retroperitoneal) adipose tissue was collected and immediately frozen in liquid nitrogen and stored at -80°C. Animals were anesthetized prior to all surgical procedures with an intraperitoneal injection of sodium pentobarbital (60 mg/kg body mass). After surgery, the animals were sacrificed with an intracardiac injection of pentobarbital.
Adipocyte Size
The average adipocyte size was calculated using AdipoSoft software v. 1.13 (University of Navarra, Pamplona, Spain). Adipose tissue samples from each animal (n=8 from each of the 5 groups) were stained with modified Harris hematoxylin and eosin with phloxine. Images were captured using an Olympus FSX 100 light microscope, Olympus, Tokyo, Japan). Images containing approximately 300 cells were used to assess the cross sectional diameter of the cells.
Estradiol Concentration
Serum E2 concentrations were determined using an estradiol specific enzyme-linked immunosorbent assay (ELISA) kit according to manufacturer's instructions.
Statistics
All statistics were analyzed using GraphPad Prism 6. A one-way analysis of variance (ANOVA) was used to compare groups. In the instances of repeated time points, or pre and post-insulin treatment, a repeated measures ANOVA was used. A Tukey's posthoc test was used to determine significant differences between groups if there was a significant main effect or interaction revealed by the ANOVA. In all tables and figures, letters are used to denote statistical significance such that groups sharing a letter are not significantly different from one another. Significance was accepted at p ≤ 0.05. The data is presented as a mean ± standard error (SE).
RESULTS
Ovariectomy results in hyperphagia and increased body mass
Ovariectomy resulted in significant hyperphagia from the start of the initial 12 weeks (i.e. induction of glucose intolerance period) (p<0.001; Table 2 ), but tapered off after 5 weeks. The body mass of animals in all OVX groups was significantly higher than SHAMs by the second week of the induction period (p<0.0001; Table 1 ), which continued until the end of the treatment period. None of the treatments resulted in significant changes in body mass in the OVX rats. Data are presented as mean ± standard error, n = 10 for all groups. Groups which share a letter are not statistically different. Statistical significance was accepted at p < 0.05.
Plasma E2 concentration is significantly reduced following OVX but is restored with E2 supplementation
Plasma E2 was reduced by approximately 4-fold (p=0.02) in OVX animals ( Figure 1 ). E2 supplementation increased plasma E2 concentrations to be similar to the SHAM rats. Figure 1 . Plasma estrogen content. E2 plasma content is expressed in pg/mL and data are presented as mean ± standard error. Sample sizes are SHAM (n=8), OVX (n=23), and OVX E2 (n=7). All OVX rats were combined for this assessment. Statistical significance was accepted at p < 0.05.
Glucose tolerance is impaired with E2 loss, but not restored by delayed E2 or nutritional intervention
The incremental glucose AUC was significantly increased (p=0.03) in OVX animals compared to SHAMs by 12 weeks post-ovariectomy, demonstrating a worsening of glucose tolerance ( Figure  2 ). This impaired glucose tolerance remained after 6 weeks of treatment, regardless of treatment type (E2, RESV, or GP).
Insulin tolerance is not different between groups
To determine whether the impaired glucose tolerance in the OVX animals might be due to a loss of insulin action, an intraperitoneal ITT was conducted. Insulin tolerance, as determined by the calculated glucose area above the curve, was not significantly different between SHAM and any of the OVX groups ( Figure 3) . Therefore, changes in insulin tolerance cannot explain the worsening of glucose tolerance observed in OVX versus SHAM animals. 
DISCUSSION
The effectiveness of E2 replacement varies depending on how early repletion begins [6] . Our findings demonstrate that 12 weeks after ovariectomy, a further six weeks of oral E2, RESV, or GP treatment does not improve the impaired glucose tolerance in ovariectomized animals. The observed impairment in glucose tolerance does not appear to be due to reduced to the whole body insulin action. Our findings suggest that low dose RESV and GP may not represent effective nutraceuticals for improving the impaired glucose tolerance already established in physiological states of reduced E2. However, we acknowledge that a longer duration of supplementation, or higher doses, may confer benefits not observed within the 6 weeks used in the current study. Previous research from our laboratory using the same E2 dose and method of delivery showed a slight (20%), but non-significant improvement in glucose tolerance in OVX animals when E2 treatment was delayed 10 weeks after ovariectomy [9] . The animals in the present study had a relatively longer period of E2 depletion (12 weeks) before treatment began, compared to successful studies which began E2 repletion only 1-3 weeks post ovariectomy [25, 26] . This suggests longer periods of E2 deficiency lead to altered metabolism which becomes more difficult to correct. Other animal studies which have looked at rat hippocampal responsiveness to E2 [27] or cardiovascular disease risk [28] have found that E2 repletion is only effective if initiated shortly after E2 depletion.
The results of studies in which RESV is supplemented to glucose intolerant rodents and humans have been mixed. Interestingly, demonstrating a beneficial effect on glucose tolerance does not appear to be related to the dosage given (i.e. range of 2.5 mg/kg body mass to 4 g/kg body mass) [16, 17, 29] . In the present study, we used a relatively low dosing regimen of 5 mg/kg body mass in order to represent an attainable dose in humans through commercially available supplements. This is the first study that has investigated the effects of RESV on whole body glucose tolerance in an OVX animal model. One human study which investigated the effects of RESV supplementation in healthy, postmenopausal women also found no effect of treatment [13] . To our knowledge, this is also the first study to investigate GP's ability to rescue glucose tolerance in an E2-deficient model. As with RESV, it may be possible that GP is more effective when administered simultaneously to or shortly after the induction of the ovariectomy as a means of prevention, although this remains to be determined. Another factor that is important to consider is that the RES and antioxidant content varies significantly between different GP manufacturers and grape species [10, 30] . The GP used in this study was a commercially available product from a nearby vineyard and had a lower amount of RESV compared to that used in other animal studies (30 µg / g vs. 60 µg/g [23, 24] ), but contains a significant concentration of anthocyanins and quercetins.
Food intake was significantly greater immediately following ovariectomy, but this effect was lost after 6 weeks, similar to that previously observed in rats [31] . In spite of the fact that food intake eventually was similar in OVX and SHAM groups, the increase in body mass of OVX animals only became significant by the 3 rd week post-surgery and remained greater throughout the treatment period, suggesting that there was a change in metabolic efficiency. Visceral adipose was analyzed as OVX animals tend to have increases in the content of visceral fat, which is more metabolically active and detrimental to whole body insulin action than subcutaneous fat [32] . Visceral adipocyte size was generally increased in OVX animals, although this was only statistically significant in OVX-E2 and OVX-RESV groups (38% and 46% larger respectively). It has been found in previous studies that oral E2 administration results in increased fat mass [33] which is in agreement with our observations in the OVX-E2 group.
CONCLUSION
In conclusion, this study is the first to investigate the effects of delayed administration of realistically attainable dosages of RESV and GP on glucose tolerance in an E2-deficient model. Delayed treatment for 6 weeks with low dose RESV and GP were not effective at rescuing the impaired glucose tolerance caused by E2 deficiency in female rats. Therefore, low dose RESV and GP supplementation may not be effective treatments to improve the glucose intolerance already established from prolonged E2 deficiency. However, we acknowledge the possibility that either higher dosages or low dosages administered for a longer period of time may have been effective. These possibilities should be tested.
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